The natural eutrophication of lakes is still an accepted concept in limnology, arising as it does from the earliest efforts to classify lakes and place them in an evolutionary sequence. Recent studies of newly formed lakes at Glacier Bay, Alaska, only partially support this idea, and suggest more variable trends in lake trophic development which are under local (catchment-level) control. Here we use sediment cores from several lakes in Glacier Bay National Park to examine the relationship between successional changes in catchment vegetation and trends in water-column nitrogen (a limiting nutrient) and lake primary production. Terrestrial succession at Glacier Bay follows several different pathways, with older sites in the lower bay being colonized directly by spruce (Picea) and by-passing a prolonged alder (Alnus) stage that characterizes younger upper-bay sites. Sediment cores from three sites spanning this successional gradient demonstrate that the variability in nitrogen trends among lakes is a consequence of the establishment and duration of N-fixing alder in the lake catchment. In the lower-bay lakes, diatom-inferred nitrogen concentrations rise and then fall in concert with the transient appearance of alder in the catchment, while in the upper bay, high nitrogen concentrations are sustained by the continuous dominance of alder. Diatom accumulation, a proxy for whole-lake biological productivity, increases steadily at all three sites during the first century following lake formation, but declines in more recent times at the lower-bay sites in apparent response to the disappearance of alder and decreasing lake-water nitrogen. These results demonstrate a tight biogeochemical coupling between terrestrial succession and lake trophic change during the early developmental history of Glacier Bay lakes.
Introduction
The evaluation of patterns and controls of natural lake aging has been a recurring theme in limnology since the work of Pearsall (1921) in the English Lake District. Because direct observation of lake ontogeny over centuries and millennia is impossible, limnologists have relied on sedimentary records to infer patterns of lake development and to derive hypotheses about the factors controlling the direction and rate of change (Binford and Deevey 1983) . Some of the earliest paleolimnological studies focused on these autogenic (successional) processes and concluded that lake nutrient concentrations and productivity increased over time (Deevey 1942) . Other sediment-based studies from boreal and north-temperate regions found that lakes became progressively more dilute and acidic from the leaching of base cations from catchment soils (Round 1961; Pennington et al. 1972; Whitehead et al. 1989; Ford 1990 ) and the increased inputs of dissolved organic carbon (DOC) from the accretion of soil organic matter (Huttunen et al. 1978; Renberg 1986) .
These ideas of early lake development have been largely validated by studies from Glacier Bay, Alaska, where limnological change has been inferred from a chronosequence of modern lakes of different ages (Engstrom et al. 2000; Fritz et al. 2004) . Here successional patterns were modeled by a space for time substitution in the same way that terrestrial succession was described in the classic work of plant ecologists at Glacier Bay (Cooper 1923; Crocker and Major 1955; Lawrence 1958) . Results provide strong evidence that long-term soil development and related hydrological changes cause alkalinity and pH to decrease, DOC to increase, and nitrogen levels to rise and then fall over time. These changes span time-scales ranging from a few centuries to several thousand years.
However, a comparison of these general trends with the trajectories of individual lakes -as reconstructed from sediment cores -reveals sitespecific differences, especially with respect to nutrient (nitrogen) concentrations (Fritz et al. 2004 ). These differences are thought to relate to successional trends in catchment vegetation, which have been shown to vary substantially between sites in upper and lower Glacier Bay. Rather than a single successional pathway from early colonizers to alder (Alnus) to spruce (Picea), terrestrial succession actually follows several pathways depending on seed availability and the life-history traits of the dominant species (Fastie 1995). Thus, older sites in the lower bay were colonized directly by spruce and effectively by-passed the prolonged alder stage that characterizes younger upper-bay sites. The variability in nitrogen trends among lake sites is thus explained as a consequence of the establishment and duration of N-fixing alder in the lake catchment.
Although highly plausible, the linkages described above between terrestrial succession and lake trajectories have not been established by direct comparison of local vegetational history with lake chemistry trends. Because lake sediments record both vegetation (through pollen) and lake chemistry (though diatoms), it should be possible to test the hypothesis that the local presence of alder influences lake ontogeny at Glacier Bay. Thus, the purpose of this study is to explore in greater detail the consequences of contrasting pathways in terrestrial succession on lake trophic development -in particular, nitrogen levels and primary productivity. The study lakes are particularly well-suited to this task, as most are small (1-5 ha surface area) and thus have a strong localpollen signature, and are nitrogen limited, so that fossil diatom assemblages provide a robust indicator of historical lake-water N. Moreover, the accumulation rate of diatoms in the sediments provides a direct measure of diatom productivity, a major component of total primary production for lakes in this region. Diatoms are well preserved in most sediments (unlike carbon), and sediments integrate year-round diatom production from all habitats, including benthic, which is not captured in any manner by conventional measurement of water-column productivity.
Study sites
Glacier Bay National Park and Preserve, located in southeastern Alaska (at approximately 58°N, 136°W), is renowned world-wide for its catastrophic recession of neoglacial ice, which exposed a 100-km long fjord system and associated forelands to biotic colonization and primary succession. Classical studies of this invasion sequence (e.g., Cooper 1923; Lawrence 1958; Reiners et al. 1971 ) depict early colonization by plants such as mountain avens (Dryas drummondii), fireweed (Epilobium latifolium), and dwarf willows (Salix sp.), followed by shrub thickets of alder (Alnus crispa vs. sinuata) that are in turn replaced by a closed forest of spruce (Picea sitchensis) and associated conifers. Recent studies describe a more complex sequence that results in different stable outcomes -spruce forest, cottonwood stands (Populus balsamifera), or alder thickets -depending on proximity of sites to seed-sources on unglaciated surfaces (Fastie 1995) .
Our original study of lakes in Glacier Bay National Park included 32 sites ranging in age from 10 years to >10,000 years (Engstrom et al. 2000) . Three lakes from this original set are the focus of the current study; these are Bartlett Lake,
